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1. Introduction 
 

Design of containers against the risk of brittle fracture 

by shock requires to measure dynamic fracture toughness 

values. To ensure structural integrity and assure continued 

or extended life of the structure a fracture safe analysis is 

done using fracture mechanics principle usually, Linear 

Elastic Fracture Mechanics LEFM. LEFM analysis requires 

exact evaluation of material fracture toughness KIC. To 

measure KIC, a rapid and cheap method consists to use 

Charpy specimen because its simplicity. 

The Charpy test is still a very popular toughness test, 

although the measured quantity, the fracture  

energy KV, is known to be strongly dependant on 

specimen geometry, size, notch sharpness and loading rate. 

Therefore, the fracture energy of the standard specimen has 

neither a direct relation to the fracture toughness in terms of 

KIC or JIC. The physical processes involved are rather 

different. For these reasons KV rather serves as an 

“indicating” than a “quantifying” toughness parameter. 

Nevertheless, fracture toughness is often estimated from 

KV. A number of corresponding KIC-KV correlations are 

offered in the literature (Teran et al. 2016, Berdin and 

Prioul 2007, Qamar et al. 2006, Kim et al. 2002, Bannister 

1998, Kapp and Underwood 1992, Barthelemy 1980). It is, 
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also, possible, when the material has a large ductility, to use 

elastic-plastic fracture mechanics based J-integral 

techniques for the determination of fracture toughness value 

(Hohe et al. 2015, Sreenivasan 2014). The JC 
assessment 

consists in calculating the J-integral from the energy 

consumed at the point of unstable fracture (instability load 

point), which may be preceded by plastic deformation. The 

JC testing is based only on determination of the total energy 

values. The standardised procedure to determine JC needs 

precracked specimens, which is a costly and time-

consuming procedure. On the other hand, there are 

situations where the precracking fatigue of a specimen is 

not feasible. It, then, becomes possible to use the toughness 

JC as a function of notch radius ρ. Using Rice expression, 

Landes and Begley (Akouri et al. 2000) have calculated the 

toughness JC as a function of notch radius from load-

displacement curves. Their results show that the fracture 

toughness increases linearly with the notch root radius ρ. 

Based on the (Srinivas and Kamat 1992) and (Firrao and 

Robert 1983) works, Akouri et al. (2000) show that if we 

take into consideration the effect of the notch root radius we 

obtain two phases of evolution of the fracture toughness 

with notch radius ρ: in the first one, it remains constant and 

equal to JC as a function of notch radius until a critical value 

ρC of the notch radius is reached where in the second phase 

JC as a function of notch radius increases linearly with ρ: If 

the effect of the notch root radius is neglected, the fracture 

toughness increases linearly also with the notch root radius 

ρ: The difference between the results given in the two points 

above can reach the value of the fracture toughness. 

Another, practical method overcomes the detection of the  
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Abstract.  Fracture energy values KV have been measured on cast steel, used in the container manufacture, by instrumented 

Charpy impact testing. This material has a large ductility on the upper transition region at +20°C and a ductile tearing with an 

expended plasticity before a brittle fracture on the lower transition region at -20°C. To assess the fracture toughness of this 

material we use, the KIC-KV correlations to measure the critical stress intensity factor KIC on the lower transition region and the 

dynamic force - displacement curves to measure the critical fracture toughness JρC, the essential work of fracture Γe on the upper 

transition region. It is found, using the KIC-KV correlations, that the critical stress intensity factor KIC remains significant, on the 

lower transition region, which indicating that our testing material preserves his ductility at low temperature and it is apt to be 

used as a container’s material. It is, also, found that the Jρ−ρ energetic criterion, used on the upper transition region, gives a good 

evaluation of the fracture toughness closest to those found in the literature. Finally, we show, by using the  Γe-KIC relation, on 

the lower transition region, that the essential work of fracture is not suitable for the toughness measurement because the strong 

scatter of the experimental data. To complete this study by a numerical approach we used the ANSYS code to determine the 

critical fracture toughness JANSYS on the upper transition region. 
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crack initiation is the essential work of fracture (EWF). The 

EWF is equivalent to the critical J-integral value (Rink et 

al. 2014, Tuba et al. 2013). In comparison with the well-

established J-integral method, the main attraction of the 

EWF is its experimental simplicity. In the EWF approach, 

one only needs to measure the ligament length before 

testing rather than measuring the crack extension as 

required in the J-integral method. 

In this paper, estimation of the fracture toughness of cast 

steel container from impact test data was investigated. In 

the first part, some of the older and newer Charpy-fracture 

toughness KV-KIC correlations have been examined and 

used to calculate the critical stress intensity factor KIC on 

the lower transition zone and on the upper transition region 

respectively. In the second part, by using the dynamic force-

displacement curves which are obtained by an instrumented 

Charpy impact test machine, we calculate by two energetic 

methods, detailed in the following, the material toughness. 

This work is, finally, completed by a numerical study using 

ANSYS code which allows to plot the stress concentration 

curves on the notch and to determine the critical fracture 

toughness JANSYS on the upper transition region. 

 

 

2. A brief literature background 
 

2.1 Measure of the critical stress intensity factor KIC 
on notched specimens connecting to the fracture energy 
KV 

 

 

As mentioned previously, the Charpy test provides 

essentially a qualitative characterization of materials to the 

rough fracture (Brnic et al.  2014). The results of the 

Charpy test are not directly usable for a quantitative 

approach of the damage as it can be developed by the 

fracture mechanics. This quantitative approach requires 

knowledge of the KIC toughness of the material, but the 

fracture energy KV measured by Charpy test and toughness 

KIC can not be connected in a simple way. Several 

fundamental differences between the two measures should 

be highlighted: 

• The toughness KIC is the value of the stress intensity 

factor for a crack which becomes unstable. The stress 

intensity factor is a global parameter characterizing the 

local stress field at the crack tip. 

• The fracture energy KV is a global setting. This energy 

is the sum of the plastic and the fracture energies. The 

Charpy test sample is not being pre cracked and a part of 

energy is used to initiate cracking.  

Nevertheless many KIC-KV correlations have been 

proposed to evaluate the toughness KIC from the fracture 

energy KV determined by Charpy test. Most of these 

correlations are only valid in a restricted temperature 

domain and are defined in a narrow range of mechanical 

properties. Two types of approaches can be distinguished, 

the simplest correlations, such as those proposed by Rolfe 

and Barsoms, Sailors and Cortens, Kapp and Underwood 

and Brite Euram Sintap based on a direct passage between 

the two variables (Barthelemy 1980, Bannister 1998, Berdin  

Table 1 Relation between KIC and KV on upper transition region 

 Relation between KIC [MPa√𝑚] and KV [J] Equation number 
Validity domain 

 σe [MPa] 
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(Qamar et al. 2008) 
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1035,6646,0 
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(Bannister 1998) 
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02,052,0
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Table 2 Relation between KIC and KV on lower transition region 

Authors Relation between KIC [MPa√𝑚] and KV [J] Equation number 
Validity domain 

KV [J] σe [MPa] 

Rolfe and Barsom 

(Berdin and Prioul 2007) 
43)(76,6 KVKIC   (4) 4-82 270-1700 

Sailors and Cortens 

(Berdin and Prioul 2007) 
21)(6,14 KVK IC   (5) 2.7-61 250-345 

Brite-Euram Sintap 

(Bannister 1998) 

  20)25)(20( 41

25
 BKK matIC  

KVKmat 12
25


 
(B=25 mm) 

(6)   

Marandet and Sanz 

 (Berdin and Prioul 2007) 

21)(19 KVKIC   

2837,19 TKTK IC   

(7) 

 
5-110 274-820 

Wallin 

(Berdin and Prioul 2007) 

 11(20ICK  

))1828(019,0exp(77 TKT  
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Fig. 1 Instrumented Charpy impact test force-displacement 

curve in upper transition region region; (Cast steel, test 

temperature +20°C. velocity 5.50 m/s) 
 

 

and Prioul 2007, Kapp and Underwood 1992, Kim et al. 

2002). Others, more sophisticated, take account of brittle - 

ductile transition shift of temperature. This is the case of the 

formulation proposed by Marandet and Sanz and Wallin 

(Berdin and Prioul 2007). 

 

2.2 The Different correlation between KIC and KV 
 

Due to the shape of the Charpy transition curve, there is 

no single correlation which can be used for the lower 

transition region and upper transition region areas. The 

decision as to which correlation to be used therefore 

depends on the type of the data available, the likely Charpy 

behaviour of the material at the design operating 

temperature and the nature the estimate required. Two basic 

correlation approaches are described in this paper: 

• On the upper transition region 

• On the lower transition region 

For (1), three expressions are given. For (2), five 

correlations are given. All the literature correlations used in 

this paper are consigned in Table 1 and Table 2. 

KIC is the critical intensity factor in mode I of fracture, 

σe the yield limit, B is the specimen thickness, KV is the 

impact strength and TK28 is defined as the temperature 

corresponding to KV=32 J (Bannister 1998). E the young’s 

Modulus equal to 2.1×10
5
 MPa. PF is the cumulative failure 

probability 































m

C
F

KK

KK
P

min0

minexp1  (9) 

KC is the fracture toughness, K0 is equal to the value of 

KC which represents the failure probability of 0,63, m is the 

Weibull slope, for cleavage fracture was known to be 4 and 

Kmin is known to be about mMPa20  for ferritic steel 

(Kim et al. 2002). 

 

2.3 The fracture criteria based on the energy 
consumed at the point of unstable fracture. 

 

It is, also, possible to characterize the toughness by the 

fracture energetic methods like the J-integral and the 

essential work of fracture on the upper transition region and 

on the lower transition region respectively by using the 

force versus time-displacement diagrams obtained by the 

 
Fig. 2 Evolution of η versus notch radius ρ for constant 

relative notch depth a/W=0.50 (Charpy U_notched 

specimen) 

 

 

instrumented impact tests. Several approaches for 

correlations between the J-integral and the Charpy upper 

transition region and the Charpy lower transition region 

energies have been proposed in the literature (Hohe et al. 

2015, Sreenivasan 2014, Schindler and Veidt 1998, 

Schindler and Bertschinger 2002). 

 

2.3.1 The fracture toughness on the upper transition 
region 

On the upper transition region, the fracture is ductile 

(Lucon 2016) and the force versus time diagram obtained 

from the instrumented impact test is shown in Fig. 1. 

The J-integral is conventionally defined for non-linear 

elastic material as path independent line integral and can be 

used in this case because the large ductility of the material 

before a brittle fracture. Although ASME E813-87 and 

ASTM E1152-87 apply only to ductile fracture. More recent 

standard permit J testing of materials those fails in a brittle 

manner (Pettarin et al. 2006). The JC assessment consists in 

calculating the J -integral from the energy consumed at the 

point of unstable fracture (instability load point) which may 

or may not be preceded by plastic deformation or very little 

slow crack growth. The inherent JC testing - based only on 

direct determination of the total energy value of a set of 

similar samples - makes it very attractive method. The 

standardised procedure to determine JC needs precracked 

specimens, which is a costly and time-consuming 

procedure. On the other hand, there are situations where the 

precracking fatigue of a specimen is not feasible. It, then, 

becomes possible to use the toughness JC as a function of 

notch radius ρ. The JC parameter as defined, here, provided 

that the specimens used are single-edge notched three-

point-bending specimens with a constant crack to deep ratio 

a/W=0.5 and different notch radius ρ varying between 0.13 

mm and 2 mm. Using this test samples (Aberkane et al. 

2001, Pluvinage 2007) it is shown that it is possible to 

measure graphically the critical fracture toughness value 

JρC 
on a Jρ versus ρ curve by extrapolation. For each couple 

of a/W=0.5 and ρ the total area under the load-deflection 

curve Utot is measured and divided by the ligament area for 

determining Jρ. 
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Fig. 3 Instrumented Charpy impact test force-displacement 

curve on the lower transition region (cast steel. test 

temperature −20°C. velocity 5.5 m/s) 
 

 

)( aWB

U
J tot





  (10) 

η is a parameter characterizing the notch radius 

influence one the fracture energy (Akouri et al. 2000). It is 

computed by finite element using stress strain behaviour as 

described by Ludwik law. Fig. 2 shows the evolution of η 

for constant relative notch depth a/W=0,50 versus notch 

radius ρ. The solutions of a/W=0.5 for each value of ρ are 

deduced about Fig. 2 and introduced in Eq. (10). 

The Jρ works done for the different notch radius versus 

their correspondent notch radius values ρ are drawing on a 

diagram and JρC fracture toughness can be obtained by a 

graphic interpolation. 

 
2.3.2 The fracture toughness on the lower transition 

region 
On the lower transition region, where the force versus 

time diagram is shown in Fig. 3. 

We can observe that the unstable cleavage fracture 

occurs after some amount stable tearing. The suitable 

fracture energy in this case, when the ductile tearing is the 

principle fracture mode can be the essential work of fracture 

considering the small specimen dimensions and the large 

ductility of the material. This method is interesting because 

it does not require the detection of the crack initiation. In 

this method it has been suggested that the non elastic region 

at the tip of a notches may be divided into an end region, 

where the fracture process take place, and an outer region, 

where screening plastic deformation is necessary to 

accommodate the large strains in the end region (Fig. 4). 

The end region work initiates the crack and is termed 

the essential work of fracture Ue and the outer region work 

which is responsible for plastic deformation is termed Upl. 

The total fracture work is therefore written as 

plet UUU   (11) 

The total specific work of fracture or the work of 

fracture per unit ligament area may be written as 

*)(
)(

ple
t WaW

BaW

U



  (12) 

Γe is the specific essential is work of fracture, *
plW  is 

 
Fig. 4 Schematic of the relative size of the fracture process 

zone and the screening plastic zone for small and large 

notch radius 
 

Table 3 Chemical composition 

Weight % C Si Mn Cr Mo Ni Cu 

Cast steel 0.09 0.37 1.18 0.12 0.03 0.29 0.29 

 

Table 4 Mechanical properties 

Yield stress σe (MPa) Ultimate strength UTS (MPa) A% 

375 478 31.7 

 

 

the specific plastic work of fracture. (W−a) is the ligament 

length. B is the specimen thickness and ψ is a shape factor 

which describes the size of the plastic zone According to the 

above equation. A straight-line relationship exists between 

the specific work of fracture and the ligament length and Γe 

can be obtained when (W−a) is extrapolated to zero. 

 

 

3. Material and experimental procedure 
 

3.1 Material 
 

The investigated steel material is a cast steel. The 

chemical composition and the mechanical properties are 

given in Table 3 and in Table 4 respectively. 

We assume that the material is strain hardening and 

obeys the following stress-strain law 

nK   (13) 

Where K is the strain-hardening coefficient and n the 

strain-hardening exponent (K=737 MPa; n=0.12). 

 

3.2 Specimens and experimental procedure 
 

Charpy specimens made of cast steel oriented 

perpendicular to rolling direction were tested. The dynamic 

tests were carried out in a standard impact machine 

equipped with an instrumented tup. The impact velocity of 

the tup is 5.50 m/s. dynamic three-point bend tests on 

standard Charpy V-notched specimens (ASTM E23 Charpy 

Impact testing) were performed in a large temperature 

range, -80°C to +40°C with a geometry specimen given in 

Fig. 5. 

To measure the fracture toughness by the Jρ−ρ method 

and the essential work of fracture on the upper transition  
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Fig. 5 The Charpy-V specimen 

 

 

Fig. 6 The Charpy-U specimen used on the upper transition 

region (T=+20°C) 

 

 

Fig. 7 The Charpy-U specimen used on the lower transition 

region (T=−20°C) 

 

Table 5 Geometry of the different charpy U_notched 

specimens with a constant relative notch depth a/W=0,5 

used on the upper transition region (T=+20°C) 

a/W 0.5 

ρ (mm) 0.13 0.25 0.4 0.7 1 2 2.5 

 

Table 6 Geometry of the different Charpy U_notched 

specimens with a constant notch radius ρ=0.7 mm used on 

the lower transition region (T=−20°C) 

ρ (mm) 0.7 

a (mm) 2 3 4 5 6 7 

b0=W−a
 
(mm) 8 7 6 5 4 3 

 

 

region and on the lower transition region respectively we 

use Charpy-U notched specimens (ISO 148-1 U-Notch 

pendulum testing) with the dimensions described in Figs. 6-

7 and Tables 5-6. 

 

 

4. Experimental results and discussion 
 

4.1 The brittle-ductile transition curve 
 

Impact tests were carried out on a temperature range 

comprising between −80°C and +40°C. These tests 

permitted to draw a brittle-ductile transition curve of the 

cast steel material used in our tests. We can, observe on this 

curve a middle scatter (R-squared=0,84) of the experimental 

data due to the nature of the impact tests. All these Charpy 

impact test results are consigned in Table 7 and represented 

in Fig. 8. 

Table 7 The Charpy’s impact test results 

Temperature test [°C] Measured value of KV [J] Fitted value of KV [J] 

20 

KV=181 

KV=136 

KV=100 

KV=139 

0 
KV=98 

KV=40 
KV=69 

-20 
KV=56 

KV=28 
KV=42 

-40 
KV=14 

KV=14 
KV=14 

-60 
KV=8 

KV=6 
KV=7 

-80 
KV=16 

KV=8 
KV=12 

 

 

Fig. 8 The brittle-ductile transition curve 

 

Table 8 The SIF critical values determined in the upper 

transition region T=+20°C 

Used methods Rolf-Barsom  
Brite Euram 

Sintap 

Kapp-

Underwood 

Fitted Impact 

Toughness KV [J] 
139 139 139 

Critical SIF KIC  

[ mMPa ] 
181 130 160 

 

 

4.2 Toughness values 
 

4.2.1 The critical stress intensity factor KIC 
The critical SIF values are calculated on the upper 

transition region at T=+20°C and on the lower transition 

region at T=−20°C by the equations done on table 1 and 

table 2 respectively. The values of KV for T=+20°C and 

T=−20°C, used in these different equations, are those given 

by the fitted values consigned on Table 7. The calculated 

critical SIF values are presented in Tables 8-9. 

These tables show that KIC toughness on the upper 

transition region is greater than that one on the lower 

transition region. Fracture toughness increases with increase 

of temperature. These results are agree with the Teran et al. 

2016 ones which found, that there is no single fracture 

toughness value even at a fixed temperature and loading 

rate. These tables show, also, that the Rolf-Barsom 

toughness values are always greater and that the Brite- 
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Table 9 The SIF critical values determined in the lower 

transition region T=−20°C 

Used methods 
Rolfe-

Barsom 

Sailors-

Cortens 

Brite-Euram 

Sintap 

Marandet-

Sanz 

Fitted Impact 

Toughness KV [J] 
42 42 42 32 

Critical SIF KIC 
[ mMPa ] 

111.5 94.7 92.6 107.5 

 

Table 10 The U/B(W−a) values determining for their 

correspondent a values 

a=2 

[mm] 

a=3 

[mm] 

a=4 

[mm] 

a=5 

[mm] 

a=6 

[mm] 

a=7 

[mm] 

(W−a)=8 (W−a)=7 (W−a)=6 (W−a)=5 (W−a)=4 (W−a)=3 

U/B(W−a) 

[J/mm²] 

U/B(W−a) 

[J/mm²] 

U/B(W−a) 

[J/mm²] 

U/B(W−a) 

[J/mm²] 

U/B(W−a) 

[J/mm²] 

U/B(W−a) 

[J/mm²] 

0,8900 0,94071429 0,42016667 0,5152 0,44025 0,51533333 

0,438875 0,327 0,74116667 0,492 0,2575 0,449 

0,491625 0,61471429 0,3205 0,4254 0,69925 0,27533333 

0,744625 0,264 0,468 0,4456 0,3485 0,19 

0,70375 0,42214286 0,23016667 0,1828 0,5075 0,63366667 

 

 

Fig. 9 Variation of U/B(W−a) versus the ligament size 

(W−a) 

 

 

Euram Sintap (BES) toughness values are always lower. 

This indicating that the BES’s toughness values seem to be 

the more conservative ones and that the BES (KIC-KV) 

correlations promote the material safety. We observe, also, 

that the BES’s toughness values are close to those of the 

literature (Barthelemy 1980, Bannister 1998). On the other 

size, we can see that the fracture toughness value remains 

significant on the lower transition region, as compared to 

this of the upper transition region which indicating that our 

testing material seems to preserve his ductility, even, at low 

temperature. 

 

4.2.2 The essential work of fracture Γe criterion on the 
lower transition region 

All the U/B(W−a) energy values for each ligament size 

(W−a) used in this study are regrouped in Table 10. 

In the following, we plot the U/B(W−a)specific energies 

values with there corresponding length ligament (W−a). 

Table 11 The critical SIF KIC determined with Γe value 

Used methods 
Lower transition region 

(T=−20°C) 

Fracture toughness Γe [MJ/m2] 25,0  

Equivalent Critical SIF KIC 
[ mMPa ] with relation (15) 

229 

 

Table 12 Review of the calculated critical SIF KIC on the 

lower transition region (T=−20°C) 

Used methods 
Rolfe-

Barsom 

Sailors-

Cortens 

Brite-

Euram 

Sintap 

Marandet-

Sanz 

Equivalent 

KIC via Γe 

method 

Fitted Impact 

Toughness KV 

[J] 

42 42 42 32  

Critical SIF KIC
 

[ mMPa ] 
111.5 94.7 92.6 107.5 229 

 

 

Extrapolation to origin gives the value of the essential 

work for fracture. It is equal to 0.25 MJ/m
2
. We observe on 

this figure a strong scatter (R-squared=0,13). The large 

scatter of fracture toughness data in the transient region has 

been reported by Kim et al. (2002) and it is due to the great 

effect of the specimen thickness on the fracture toughness 

data. The fracture toughness can either be determined using 

large specimen satisfying linear-elastic requirements or it 

can be derived from the elastic-plastic energy J-integral 

value corresponding to brittle fracture with the following 

equation 

EJK CIC   (14) 

E is the Young’s modulus it is equal to 2,1×10
5
 MPa for 

the cast steel, JC is the critical energy consumed at the 

point of unstable fracture he has the same mean of Γe, so 

we can re-write Eq. (14) like 

EK eIC   (15) 

By using the Γe determined in paragraph 4.2.2, we can 

calculate the value of an equivalent KIC from Eq. (15). 

All the critical SIF KIC [ mMPa ] values on the lower 

transition region (T=−20°C) are regrouped in a Table 12. 

This table let us to observe that the energy criterion   

(Γe method) gives the highest toughness values in 

comparison to the KIC-KV correlations. This value is due to 

the value of Γe which it is not reliable due to the large 

scatter of the experimental data. This indicates that in the 

lower transition region, despite an appreciable material 

plasticity due to ductile tearing before an unstable cleavage 

fracture, the specific essential work of fracture Γe is not 

suitable to determine a critical value of toughness. In this 

region the KIC-KV correlations seem to give a good 

evaluation of fracture toughness, comparatively to those of 

the literature, especially the BES’s toughness value. 

 

4.2.3 The JρC criterion on the upper transition region 
All the values of Jρ, Fmax the maximum force on the 

upper transient region force-displacement curves for each 

notch radius ρ used in this study are regrouped in Table 13. 
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Fig. 10 Jρ versus there corresponding notch radius ρ 
 

 

The Jρ versus the notch radius ρ graph (Fig. 10) is 

plotted according to Table 13. 

This graph shows that the majority of the experimental 

data are concentrating on a plateau starting at ρ=0,13 mm 

and ending at ρ=1 mm. The scattering of the experimental 

data is moderate on this plateau (R-squared=0,61). Beyond 

this upper limit (ρ=1 mm) the Jρ values increase 

appreciably until ρ=2 mm and it stabilizes at ρ=2.5 mm. 

The critical value of Jρ called JρC is then determined by 

extrapolating on the Jρ axis zero and it is equal to JρC=0,16 

MJ/m
2
 and the limit of this plateau ρC=1 mm is defined, 

here, as the critical notch radius. The existence of a critical 

notch root radius below which fracture toughness is 

independent of ρ has been reported by several authors 

(Akkouri et al. 2000, Srinivas and Kamat 1992, Firrao and 

Robert 1983, Mourad et al. 2013, Chaudhari et al. 2009, 

Mourad and El-Domiaty 2011). Akkouri et al. (2000) 

concluded that the dependence of the fracture toughness for 

ductile steel on the notch radius has been obtained if they 

take into consideration the effect of the notch root radius on 

the η factor, then, they obtained two phases of evolution of 

the fracture toughness with notch radius: in the first one, it 

 

 
Fig. 11 (a) The finite element mesh in half of the specimen. 

(b) The finite element meshes of the notch (c) finite element 

mesh 
 

 

remains constant and equal to JIC until a critical value of the 

notch radius is reached where in the second phase JIC 

increases linearly with ρ. The value of JρC is closest to those 

of the literature for different steels these critical values 

named JL, JW by P.R. Sreenivassen (2014) was situated 

between 0,125MJ÷0,145 MJ/m² for E460 steel tested at 

20°C and Ji values equal to 0,135 MJ/m² for an RPV steel 

(Schmitt et al. 1994) and JIC value equal to 0,120MJ/m² for 

an A-533B pressure vessel material (Nilsson and Ö stensson 

1978). 

 

4.2.4 Determination of the material toughness on the 
upper transition region by numerical simulations   

Finite element modelling 

An analysis using the finite element model in ANSYS 

code is presented in this section. Figs. 11(a)-11(b) show the 

geometry of the Charpy specimen mesh. Due to symmetry 

of the problem, a half model can be used. The finite element 

mesh consists, on quadrilateral elements (quadratic) with 

eight (08) nodes automatically generated (Fig. 11(c)). The  

Table 13 The Jρ values determined for there corresponding notch radius ρ 

ρ=0.13 [mm] ρ=0.25 [mm] ρ=0,40 [mm] ρ=0.7 [mm] ρ=1 [mm] ρ=2 [mm] ρ=2.5 [mm] 

η=1.92 η=1.77 η=1.65 η=1.313 η=1.375 η=1.75 η=1.75 

Bb

U
J


   

[MJ/m²] 

Bb

U
J


 

[ MJ/m²] 

Bb

U
J


   

[MJ/m²]] 

Bb

U
J


   

[MJ/m²] 

Bb

U
J


   

[MJ/m²] 

Bb

U
J


   

[MJ/m²]] 

Bb

U
J


   

[MJ/m²] 

0,2288 0,1787 0,1783 
0,1253 

0,1337 

0,1300 

0,0990 

0,1778 

0,1691 

0,1418 

0,1829 

0,3020 

0,2503 

0,2793 

0,3104 

0,2885 

0,2410 

0,2913 

0,1912 0,1411 0,11428 

0,1496 0,1310 0,1513 

0,1,647 0,1514 0,1787 

0,1393 0,1833 0,1904 

Fmax [kN] Fmax [kN] Fmax [kN] Fmax [kN] Fmax [kN] Fmax [kN] Fmax [kN] 

5,317 

5,318 

4,77 

4,86 

4,711 

5,415 

4,9 

4,738 

5,089 

5,034 

5,365 

5,31 

5,022 

5,219 

5,471 

5,154 

5,464 

4,948 

4,57 

5,505 

5,266 

5,337 

5,685 

5,398 

5,283 

5,436 

5,389 

5,289 

5,141 

5,312 
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Fig. 12 Applied impulse loading 

 

  
Fig. 13(a) Fmax=5,089 

kN; ρ=0,25 mm 

Fig. 13(b) Fmax=5,415 

kN; ρ=0,25 mm 

  
Fig. 13(c) Fmax=5,266 

kN; ρ=1 mm 

Fig. 13(d) Fmax=5,685; 

kN ; ρ=1 mm 

 

 

number of nodes is about 431 nodes and the number of 

elements is about of 1390 elements. The mesh is finer when 

we approach the bottom of the notch. 

 

Impact simulation 

The Charpy impact test are simulated with a time-

dependant loads applied on duration of 1ms from F=0 to  

Table 14 Values of maximum forces Fmax recorded in the 

tests for each notch radius ρ (Table 13) and the numerical 

JANSYS 

ρ=0.25 

[mm] 

ρ=0,40 

[mm] 

ρ=0.7 

[mm] 

ρ=1 

[mm] 

ρ=1 

[mm] 

ρ=1 

[mm] 

Fmax [kN] Fmax [kN] Fmax [kN] Fmax [kN]   

5,034 

5,415 

5,022 

5,471 

4,57 

5,505 

5,266 

5,685 

5,283 

5,436 

5,141 

5,312 

JANSYS 

[MJ/m²] 

JANSYS 

[MJ/m²] 

JANSYS 

[MJ/m²] 

JANSYS 

[MJ/m²] 

JANSYS 

[MJ/m²] 

JANSYS 

[MJ/m²] 

0,2183 

0,2495 

0,2314 

0,2520 

0,2106 

0,2537 

0,2430 

0,2750 

0,2434 

0,2505 

0,2369 

0,2448 

 

 

Fig. 14 numerical JANSYS versus notch radius ρ 

 

 

F=Fmax on the on the opposite face to the notched specimen. 

Fmax is the peak load value, identified by the Charpy tests. 

The transient dynamic analysis is used and the 

calculations are carried out using the Full Method (ANSYS 

2016, Bathe 1996). The exact material stress-strain data are 

inserted into the computation and material strain hardening 

is included. Fully dynamic analyses have only been carried 

out in 2-D, since dynamic computation in 3-D is very costly 

Rossol et al. (1999). J-integral around the notch which is 

equal to the change in the potential energy and evaluated 

with the ANSYS workbench containing fracture module 

which evaluates J-integral directly (Witts 2005). 

 

Numerical results 

For different geometries we determined the stress 

concentration at F=Fmax and we present it in these following 

figures. 

These figures show that the notched face is the tensest 

area and the opposite face is the most compressed one and 

this was expected. We observe, also, that the tensile stress 

concentrations values are biggest in the notched area when 

the notched radius is the smaller. J-integral results from the 

post-processor were obtained by using the nonlinear 

isotropic material option in ANSYS. The computed values 

of J-integral JANSYS, for each notch radius, are calculated. 

There values are listed in Table 14. 
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Fig. 15 A comparison between experimental data versus 

Ansys 

 

 

In the following, we plot the variation of numerical 

JANSYS as a function of the notch radius ρ. 

Fig. 14 shows a linear relationship between the JANSYS 

values and notch radius ρ. The numerical critical fracture 

toughness JC ANSYS can be determined by extrapolation of 

the linear curve and it is equal to 2,4 MJ/m². This value is 

greatest than the experimental one. The difference between 

the experimental and numerical fracture toughness JANSYS 

(Fig. 15) is due to the non taking into account, in the 

numerical calculation, of the notch radius influence 

characterized by the parameter η. This fact have been 

reporting by Akkouri et al. (2000), which acknowledges 

that when the effect of the notch root radius on η is 

neglected, the fracture toughness J increases linearly also 

with the notch root radius ρ. This numerical study, confirm 

the importance of the notch radius influence in the fracture 

toughness calculus. On the other side, The fracture 

toughness was calculated from the dynamic finite element 

analysis by using a postprocessor it calculate not only those 

parts of the fracture toughness derived from the mechanical 

stresses and strains, but also to include additional parts 

arising from thermal strains and dynamic masses (Rossoll et 

al. 1999), which seems explain the difference between JρC 

and the numerical fracture toughness JC ANSYS Eberle, 

Klingbeil and Schiker (2000), seen that the above a certain 

value, of crack extension in the ligament, they observe that 

the calculated J overestimates slightly the experimental 

values. 

 

 

5. Conclusions 
 

This work presents an estimation of fracture toughness 

from instrumented Charpy impact testing on cast steel. On 

the upper transition region, fracture toughness is determined 

using the KIC-KV correlations, the Jρ−ρ
 
energetic criterion 

and a finite elements calculation with ANSYS code. On the 

lower transition region fracture toughness is determined 

using the KIC-KV correlations and the essential work of 

fracture energetic criteria. Based on the results of this study, 

the following conclusions are made: 

• On the upper transition region the Jρ−ρ energetic 

criterion gives a good evaluation of the toughness 

closest to these found in the literature. 

• The essential work of fracture is not suitable for the 

toughness determination of the material in the lower 

shelf because the strong scatter of the experimental 

points. 

• In term of fracture toughness values the KIC-KV 

correlations are more conservative than the energetic 

criteria. 

• The numerical computation, confirm the literature 

conclusions which state that when the effect of the notch 

root radius on η is neglected, the fracture toughness 

increases linearly also with the notch root radius ρ. 

This study leads us to conclude that it is possible to use 

the Charpy instrumented test as a toughness method with a 

good accuracy and a cheap cost. We can, also, conclude that 

the cast steel used in our tests is apt to be used as a 

container’s material because his ductility and his good 

toughness at a low temperature (−20°C). 
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CC 

 

 

Nomenclature 
 

KV Fracture energy [J] 

KIC Critical stress intensity factor [MPa m ] 

JρC Critical fracture toughness value [MJ/m
2
] 

Γe
 

Specific essential work of fracture [MJ/m
2
] 

JC Critical J integral [MJ/m
2
] 

JIC Critical J-Integral Fracture toughness [MJ/m
2
] 

Jρ 
Fracture toughness as a function of 

notch radius ρ. 
[MJ/m

2
] 

JρC 
Critical fracture toughness as a 

function of notch radius ρ. 
[MJ/m

2
] 

Ut total fracture work [J] 

Ue essential work of fracture [J] 

Upl outer region work [J] 

 Yield limit stress [MPa] 

E Young modulus [MPa] 

 notch radius [mm] 

c critical notch radius [mm] 

B Specimen thickness [mm] 

a Crack length [mm] 

W specimen width [mm] 

a/W Notch depth  

ψ shape factor  

  factor  

Fmax
 

Maximal force [kN] 

JANSYS The computed values of J-integral [MJ/m²] 
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